Several applications of external microbeam techniques demand a very accurate and controlled dose delivery. To satisfy these requirements when post-sample ion detection is not feasible, we constructed a transmission single-ion detector based on an ultra-thin diamond membrane. The negligible intrinsic noise provides an excellent signal-to-noise ratio and enables a hit-detection efficiency of close to 100%, even for energetic protons, while the small thickness of the membrane limits beam spreading. Moreover, because of the superb mechanical stiffness of diamond, this membrane can simultaneously serve as a vacuum window and allow the extraction of an ion microbeam into the atmosphere. The ability of microprobe facilities to extract an ion microbeam outside a vacuum system provides a valuable tool for the investigation of localized radiation effects in samples that are unsuitable for mounting inside the vacuum chamber. Among others, these samples include live biological specimens that cannot survive high-vacuum conditions and detectors or other semiconductor setups that are too large to fit inside the chamber. To achieve a precise delivery of a known dose of radiation to each sample, a charged-particle detection system with high sensitivity is of the utmost importance. The realization of such a system at an external microprobe facility presents a real challenge when the energy of the ion is not sufficient to penetrate the whole sample thickness. In that case, the need for an appropriate transmission detector emerges.
Two different transmission-detector setups are primarily used for external microbeams. One is based on the detection of the secondary electrons that are emitted from the vacuum exit foil when an ion passes by. [1] [2] [3] While such a device can achieve a hit-detection efficiency of close to 100% for heavier ions, the efficiency is significantly lower for light ions. The other commonly used setup relies on ion detection using thin scintillation foils. 4, 5 Although characterized by a higher sensitivity to light ions, this option requires total darkness at the irradiation stage, which prevents the observation of the sample during irradiation.
Here, we propose a detection setup that consists of an ultra-thin single-crystal chemical-vapor-deposited (scCVD) diamond membrane used simultaneously as a single-hit transmission detector and a vacuum window. This device could potentially overcome the problems mentioned above.
A self-supported diamond membrane of approximately 6 lm in thickness was produced from cheap, so-called optical-grade (substitutional nitrogen content [N] < 1 ppm), scCVD diamond using the argon/oxygen plasma etching technique. Afterward, the sample was metalized in a parallel-plate geometry via sputtering of 300 nm thick Al contacts. More details concerning the detector fabrication procedure can be found in Ref. 6 . The detector was suspended over a 1.5 mm hole drilled into a brass flange (ISO KF16 standard) and glued with a conductive epoxy, which electrically connected the back electrode to the flange. The connection to the electronic chain was provided by the SMA connector soldered onto the flange [ Fig. 1(a) ].
Additional information regarding the current-voltage and capacitance-voltage characteristics of the produced detector will be provided elsewhere and are not within the scope of this paper.
The detector performances were first evaluated in a high-vacuum environment. For that purpose, the entire flange with the membrane attached was mounted on the sample holder inside the vacuum chamber at the RBI microprobe line, 7 and the output signal from the detector was fed first into a charge-sensitive preamplifier (ORTEC model 142a) and then into a shaping amplifier (ORTEC model 572a). After amplification, the pulses were analyzed using an analog-to-digital multichannel analyzer (ADC-MCA) and the data-acquisition software SPECTOR. 300-lm-thick scCVD diamond detector (purchased from CIVIDEC Instrumentation) was connected to an identical electronic chain and placed less than 2 mm behind the membrane, thereby forming a DE-E configuration. With this experimental setup, several detector characteristics were investigated as follows:
(1) Variations in the membrane thickness were observed using ion-beam-induced charge (IBIC) imaging. In an IBIC image, the average pulse height in each pixel is represented by the appropriate color on a color scale. A microbeam of 1.3 MeV protons with a spot size of less than 1 lm was scanned over the front side of the detector (biased at 42 V, electric field %7 V/lm), and the IBIC image shown in Fig. 1(b) was recorded. Areas of the device that exhibit a higher induced signal correspond to a higher energy loss of the incident beam caused by a greater thickness of the membrane. From energy-loss measurements and using SRIM 9 calculations, we were able to estimate that the thickness of the etched part varied from 5.3 up to 5.9 lm, which was most likely caused by some initial non-parallelism of the diamond plate and by mechanical polishing. (2) To investigate the charge-collection efficiency (CCE) of our device, which is defined as the ratio of the amount of charge collected at the electrodes (Q) to the amount of charge created inside the detector (Q 0 ), the signal amplitude of the 1.3 MeV protons was measured using the membrane (biased at 42 V) and using the commercial diamond detector (biased at 300 V) with and without the membrane in the way [ Fig. 2(a) ]. Considering the energy deposited inside the metal layer of the electric contacts and assuming that the energies required to produce an electron-hole pair in the diamond membrane and in the commercial diamond detector are equal, we calculated the CCE of the membrane to be greater than 99%, despite the contamination of the diamond crystal with nitrogen. In addition, the behavior of the CCE as a function of the electric field was measured for bias voltages from 42 V down to 1 V with both polarities [ Fig. 2(b) ]. (3) To obtain an estimate of the amount of beam broadening that can be expected because of the scattering of ions from the carbon atoms in the membrane, a copper mesh with a pitch of 25 lm was imaged via scanning transmission ion microscopy (STIM) using the commercial diamond detector with and without the beam having passed through the membrane first. We used an older membrane sample that was produced in the same way and with a similar thickness (approximately 6 lm). This sample was accidently broken, which actually made it easier to attach the copper mesh behind it. The distance between the mesh and the broken membrane was approximately 150 lm. The 2 MeV proton beam was scanned over the edge of the broken diamond membrane in such a way that on one part of the scanning area, the protons were directly incident on the mesh [ Fig. 3(a) ], while on the other part, they penetrated the membrane first [ Fig. 3(b) ]. The membrane caused an increase in the beam width from 1.4 to 2.6 lm. One should bear in mind that the amount of broadening is strongly dependent on the distance between the membrane and the sample and this distance should be reduced as much as possible. (4) Radiation hardness is an important feature of detectors that are used in high-radiation environments. Although our previous work 10 indicated that the superb durability of diamond over silicon under irradiation by protons in the GeV energy range 11 cannot be simply extrapolated to MeV protons, diamond still exhibits the great advantage of a negligible leakage current that does not change with the level of irradiation. 11 To check the radiation tolerance of our device, we selectively irradiated six areas (100 Â 100 lm were produced using 4.5 MeV protons to maintain homogeneous vacancy production throughout the bulk of the detector. The commercial detector serves as a reference in this case. To compare the CCE degradation, a non-ionizing energy loss (NIEL) concept 12 was used as a measure of the lattice defects introduced into a material by different ions, and both data sets were fitted to a simple phenomenological equation
where K ed represents the equivalent damage factor, 13 which can serve as a measure of the radiation hardness of the tested material (smaller values of K ed mean better radiation hardness), and D d is known as the displacement damage dose, which is equal to the product of the absolute fluence and the amount of NIEL. The calculated values of K ed are shown in Table I .
The higher radiation hardness of the membrane in comparison to the commercial diamond detector is a consequence of the much shorter collection distance of the charge carriers. Hence, the time required for the electrons and holes to reach the electrodes for the same electric field is reduced, and the probability of them becoming trapped by energy levels associated with the lattice defects produced by the irradiation also decreases. Moreover, the highest electric field that can be applied to the membrane without sparking is approximately 7 V/lm and greatly exceeds the field that can be applied to the 50-lm-thick commercial diamond detector.
Operating the membrane at so high electric field enhances its resistivity to radiation [ Fig. 4(b) ]. The effects of polarization, which often causes a large unexpected decrease in the signal output of diamond detectors 14 and is closely related to defects inside the material, were not observed.
After all vacuum tests were performed, the membrane detector was installed on the microprobe chamber as a vacuum/air interface [ Fig. 5(a) ]. The basic vacuum of the chamber was achieved, and bending of the membrane caused by the high pressure difference was clearly visible. To check the operability of the detector in these conditions, we connected it to an electronic chain such as the one described before, with the exception of the preamplifier, for which a CoolFET A250CF was used instead of an ORTEC 142a to reduce the electronic noise. Energetic protons were selected as the probe because they are the most critical ion species for detection. Spectra of 2 and 6 MeV protons were recorded with an ion rate of 500 Hz and are shown in Figs. 5(b) and 5(c). The signals are well separated from the noise in both cases.
The hit-detection efficiency was calculated by comparing the number of pulses from the silicon PIN diode, which was placed behind the diamond membrane in air, to the number of coincident pulses from the membrane and the diode for 6 MeV protons. Bipolar outputs from both detectors were fed into single-channel analyzers (SCA) operating in crossing-over mode and then into a time-to-amplitude converter (TAC). All events from the TAC were grouped into a peak with a FWHM of less than 1 ls, which confirmed that they were coincident, as no fast electronics was employed. A digital counter was used to count the TAC pulses and the output pulses from the diode's SCA simultaneously. The measurement was repeated for ion rates ranging from a few tens of Hz to 1 kHz. The calculated hit-detection efficiency exceeded 99%, regardless of the ion rate. This was the final confirmation that the device can operate as an efficient transmission detector and, at the same time, withstand high vacuum conditions. The concept investigated in our work has several advantages over the conventional setups. The greatest advantage in comparison with devices that record the secondary electrons emitted by ion passage is its excellent hit-detection efficiency for energetic light ions, which arises from the negligible intrinsic noise of diamond. The operation of our device is also considerably simpler than the operation of scintillation detectors, and it does not prevent the simultaneous observation of the sample. Moreover, the ability to install the detector as a vacuum window reduces the need for an additional exit foil and enables the minimization of the distance between the membrane, which is a source of beam broadening, and the sample. This plays a crucial role in maintaining the appropriate spatial resolution for experiments that require sub-micron beam spots. The combination of the above features makes this detector highly appropriate for experiments that require fast and reliable triggering, such as live cell irradiations or single-event upsets. In addition, the outstanding results of the radiation-hardness test indicate a wider possible range of device applications, including those that involve high currents of charged particles or long exposure to radiation. However, a significant amount of energy loss for heavy ions (heavier than protons) makes the detector inadequate in cases when the straggling in ion energy should be minimized or when the achieving of sufficient ion energy is not possible. This work was supported by the Japanese-Croatian Cooperative Research Project "Development of high-energy ion microbeam technology for novel applications of diamond."
